We report the cloning of a human homolog of the yeast OGG1 gene, which encodes a DNA glycosylase that excises an oxidatively damaged form of guanine, 8-hydroxyguanine (also known as 7,8-dihydro-8-oxoguanine). Since the deduced amino acid sequence (68 amino acids) of a human expressed sequence tag, N55394, matched a short stretch of yeast OGG1 protein with greater than 40% amino acid identity, a full length cDNA clone was isolated from a HeLa cell cDNA library with the N55394 clone as a probe. The cDNA clone encodes a predicted protein of 345 amino acids which is homologous to yeast OGG1 protein throughout the entire polypeptide sequence and shares 38% amino acid identity with yeast OGG1 protein. Moreover, we found that both a human homolog and yeast OGG1 protein possess two distinct DNA binding motifs, a helixhairpin-helix (HhH) motif and a C 2 H 2 zinc ®nger like motif, and a domain homologous to human and E. coli MutY proteins. Expression of a human homolog suppressed spontaneous mutagenesis of an E. coli (mutM mutY) mutant as in the case of yeast OGG1 protein. The gene was ubiquitously expressed in a variety of human organs and mapped to chromosome 3p26.2. These results strongly suggest that the gene isolated here is a human counterpart of the yeast OGGI gene and is involved in the repair of oxidative DNA damage in human cells.
We report the cloning of a human homolog of the yeast OGG1 gene, which encodes a DNA glycosylase that excises an oxidatively damaged form of guanine, 8-hydroxyguanine (also known as 7,8-dihydro-8-oxoguanine). Since the deduced amino acid sequence (68 amino acids) of a human expressed sequence tag, N55394, matched a short stretch of yeast OGG1 protein with greater than 40% amino acid identity, a full length cDNA clone was isolated from a HeLa cell cDNA library with the N55394 clone as a probe. The cDNA clone encodes a predicted protein of 345 amino acids which is homologous to yeast OGG1 protein throughout the entire polypeptide sequence and shares 38% amino acid identity with yeast OGG1 protein. Moreover, we found that both a human homolog and yeast OGG1 protein possess two distinct DNA binding motifs, a helixhairpin-helix (HhH) motif and a C 2 H 2 zinc ®nger like motif, and a domain homologous to human and E. coli MutY proteins. Expression of a human homolog suppressed spontaneous mutagenesis of an E. coli (mutM mutY) mutant as in the case of yeast OGG1 protein. The gene was ubiquitously expressed in a variety of human organs and mapped to chromosome 3p26.2. These results strongly suggest that the gene isolated here is a human counterpart of the yeast OGGI gene and is involved in the repair of oxidative DNA damage in human cells.
Keywords: oxidative DNA damage; 8-hydroxyguanine; DNA repair; mutagenesis; DNA glycosylase; endonuclease Oxygen and its metabolites have been suggested to generate DNA damage in various living organisms, since more than 20 of oxidatively damaged purines and pyrimidines have been identi®ed in DNA . The damaged DNA bases may be responsible for mutations that lead to carcinogenesis (Totter, 1980; Ames, 1983) . 8-hydroxyguanine (also known as 7,8-dihydro-8-oxoguanine; oh 8 Gua), is a critical lesion generated from guanine in DNA by oxygen free radicals, since it is highly mutagenic in vitro and in vivo Grollman and Moriya, 1993) . The formation of 8-hydroxydeoxyguanosine (oh 8 dG) in DNA was observed in vitro following DNA incubation with mutagens or carcinogens which generate oxygen free radicals (Kasai and Nishimura, 1984a, b; Nagashima et al., 1995) , and oh 8 dG in DNA induces GC to TA transversions unless repaired prior to DNA replication not only in vitro but also in vivo (Wood et al., 1990; Moriya et al., 1991; Cheng et al., 1992) . It is supposed that oxidative DNA damage is generated in several human organs and leads to a potent mutagenic stage for these organs. For instance, the contents of oh 8 dG in livers with chronic hepatitis was signi®cantly higher than those in normal livers (Shimoda et al., 1994) . This result indicates that chronic in¯ammation in the liver produces oxidative DNA damage which may increase the risk for genomic alterations causing hepatocarcinogenesis.
In Escherichia coli (E. coli), three DNA repair enzymes function to prevent such a mutation; MutM protein excises oh 8 Gua residues in DNA (Boiteux et al., 1992; Tchou et al., 1991; Demple and Harrison, 1994) and MutY protein excises the adenine residues incoporated opposite oh 8 Gua Au et al., 1989) . The third protein MutT degradates 8-oxo-dGTP to the monophosphate and prevents the misincorporation of 8-oxo-dGTP which causes AT to CG transversion (Maki and Sekiguchi, 1992) . We previously reported the presence of a human cellular protein(s) that speci®cally binds and cleaves a doublestranded oligonucleotide containing the oh 8 Gua.C base pair (Nagashima et al., 1997) . However, the oh 8 Guaspeci®c endonuclease activity in human cell extracts seemed a little dierent from that of E. coli MutM protein, since the sites of cleavage by human cell extracts were dierent from those by E. coli MutM protein. Recently, a novel yeast gene, designated as OGG1, was cloned as being a functional eukaryotic homolog of the bacterial mutM gene (Van der Kemp et al., 1996) , although it does not have an obvious homology with the bacterial mutM gene. Besides, the enzymatic properties of the OGG1 protein were dierent from MutM and similar to human cell extracts. Thus, it was predicted that there is a human gene structurally similar to the yeast OGG1 gene rather than the bacterial mutM gene.
For this reason, the Human Genome Sciences human cDNA sequence database was screened for fragments encoding protein sequences homologous to the yeast OGG1 protein. A clone N55394 of 215 bp (Figure 1 ), discovered by Washington UniversityMerck EST project, showed 46.4% identity and 62.3% similarity of deduced amino acid sequence against the yeast OGG1 protein. Therefore, a HeLa cell cDNA library was screened using this cDNA fragment as a probe. Two clones (designated as hOGG-E and -N) contained the longest open reading frame (ORF). hOGG-N of 1583 bp contained a 268 bp of the 5' untranslated region with an in-frame stop codon upstream of the ®rst methionine. There was an ORF of 1035 bp encoding a protein of 345 amino acids with a predicted molecular weight of 38.7 kDa. The 3' untranslated sequence was 280 bp in size and contained a putative polyadenylation signal (aataaa) 18 bp upstream of the poly-adenine stretch at the 3' end. The sequence of the EST cDNA clone N55394 was identi®ed in the ORF from 554 bp to 748 bp boxed in Figure 1 . Sequences of hOGG-E and -N were identical except that 98 bp of the 5' untranslated region of hOGG-N was truncated in hOGG-E. The predicted amino acid sequence of the hOGG-N cDNA clone showed 38% identity and 58% similarity to that of the yeast OGG1 protein (Figure 2a ). There were ®ve independent regions in which more than 60% of continuous 15 amino acids were identical: amino acid residues 31 to 47, 128 to 158, 193 to 213, 245 to 279 and 298 to 320. A putative nuclear targeting sequence (KRRK) was found at the carboxyl-terminal area, while two nuclear targeting sequences (KKRK and KQMKL) were present in the same region of the yeast OGG1 protein (Figure 2a) . These results suggest that this gene is a human homolog of the yeast OGG1 gene, Thus, we tentatively designated this gene as hOGG1 (a human homolog of the yeast OGG1 gene).
Then we searched for homology of the hOGG1 protein with MutM and MutY proteins, two of bacterial proteins involved in the repair of oh 8 Gua in DNA. The hOGG1 protein, as in the case of the yeast OGG1 protein, did not show signi®cant homology to bacterial MutM protein. However, amino acid residues 179 to 213 of the human OGG1 protein showed 39% identity and 60% similarity to the E. coli MutY protein (Figure 2b ). This region was also conserved in the hMYH protein, a human homolog of the bacterial MutY protein (Figure 2c) . Interestingly, the amino acid residues 235 to 277 represents 43% identity and 63% similarity to E. coli endonuclease III protein ( Figure  2d ), that has an activity to remove numerous forms of oxidized pyrimidine derivatives from DNA (Thayer et al., 1995) . Since this region in E. coli endonuclease III is known to have a helix-hairpin-helix (HhH) motif that has two helices connected by a short hairpin turn (Seeberg et al., 1995; Thayer et al., 1995) , we further performed sequence alignments and pro®le searches in the corresponding region of the hOGG1 protein. It was revealed that the amino acid residues 237 to 256 in the hOGG1 protein contains an HhH motif sequence of an a-helical structure (amino acid residues 237 to 242), a short stretch of amino acids representing a short hairpin turn (amino acid residues 243 to 246) and an a-helical structure (amino acid residues 248 to 256) (Figure 2d ). This motif was also conserved in the yeast .' indicates similar amino acids, and ---' represents a gap that has been introduced to optimize the homology. The comparison was done by using the BestFit program of UWGCG (Schwartz and Dayho, 1979) . BestFit uses the local homology algorithm (Smith and Waterman, 1981) to ®nd the best segment of similarity between two sequences. The regions in which more than 60% amino acids are identical are underlined. Nuclear localization sequences are boxed. OGG1 protein (amino acid residues 229 to 248) (Nash et al., 1996) . The hOGG1 protein had a zinc ®nger like motif (Cys-X 1 -Cys-X 14 -His-X 2 -His) next to the HhH motif (amino acid residues 253 to 273, Figure 2d) , although E. coli endonuclease III has no zinc ®nger like motif. This motif was well conserved between the yeast and human OGG1 proteins, except that the fourth histidine was arginine in the yeast OGG1 protein (amino acid residues 245 to 265). These results further support that the hOGG1 gene is a DNA binding protein and is involved in the repair system of oxidative DNA damage in human cells.
To investigate whether human OGG1 protein has an activity to suppress the spontaneous mutagenesis of an E. coli (mutM mutY) mutant, a GST-hOGG1 fusion protein producing vector was constructed and transfected into a mutM mutY double mutant of E. coli strain CC104 (Michael et al., 1992) . The activity of hOGG1 protein was similar to that of bacterial MutM protein, that is, the formation of rifampicin resistant colonies was signi®cantly reduced by expression of hOGG1 protein (Table 1 ). This result also supports that the hOGG1 gene is a functional human homologue of the bacterial mutM gene and the yeast OGG1 gene.
The hOGG1 gene was expressed ubiquitously in a variety of organs (Figure 3a) . However, the sizes of major transcripts were in the range of 1.4 to 2.4 kb and were slightly dierent among dierent organs, suggesting the presence of alternatively spliced forms of hOGG1 transcripts. Thus, to con®rm that the hOGG-N type of mRNA is a major transcript in the cells, RT ± PCR was performed using HeLa cell mRNA as a template. The size and the sequence of RT ± PCR products were the same as those of hOGG1-N (data not shown). Thus, hOGG1-N would be a representative transcript of the hOGG1 gene.
The hOGG1 gene was mapped to chromosome 3p26.2 by¯uorescence in situ hybridization (FISH) analysis (Figure 4 ). Since chromosome 3p shows loss of heterozygosity (LOH) frequently in a variety of human cancers, it would be worth investigating whether these genes are inactivated in human cancers and whether inherited mutations and genetic polymorphisms influence the susceptibility to cancer. In particular, LOH on chromosome 3p is common in lung cancer (Yokota and Sugimura, 1993; Gazdar, 1994) and 3p25-26 is a common region of LOH in lung cancer cells (Hibi et al., 1992) , we preliminary examined expression and gross genetic alterations in 28 human lung cancer cell lines (Kohno et al., 1995) by Northern and Southern blot analyses. A representative result of Northern blot analysis is shown in Figure 4b . Although multiple sizes of mRNA transcripts were also detected, hOGG1 transcripts were detected in all cell lines examined. Southern blot analysis was performed with EcoRI digests of genomic DNA from these cell lines. The hOGG1 probe detected a single band of 11 kbp in all cell lines, and no obvious genetic alterations, including homozygous deletions and rearrangements, were detected (data not shown). Thus, further investigation is necessary to clarify whether functional alterations in the hOGG1 gene is involved in human carcinogenic processes.
Recently, it was reported that the HhH motif represents a novel structural motif involved in the non-speci®c recognition of both ss and ds DNA via hydrogen bond-mediated interactions with the DNAphosphate backbone (Doherty et al., 1996) . Such interactions appear to be essential for the function of many non-sequence-speci®c proteins, particularly of Strain YG5132, i.e., CC104 mutM mutY, is a mutM mutY double mutant of E. coli strain CC104, and was constructed by the introduction of mutY : : mini-Tn10 from strain CSH117 to strain YG5113 (CC104 mutM : : cat) by P1 transduction. pYG8301 is a plasmid vector in which an E. coli DNA fragment containing the E. coli mutM gene was cloned. Plasmid GST-hOGG1 is an expression vector containing a full length hOGG1 cDNA cloned into EcoRI site of a GST fusion protein producing vector pGEX-1lT (Pharmacia Biotech) allowing the expression of GST-hOGG1 fusion protein.
Three independent overnight cultures of CC104 mutM mutY transformed with each plasmid and of control were analysed for rifamipicin resistant mutation events. Cultures were grown to saturation in LB medium, and aliquots were plated onto LB agar with 100 mg/ml of rifampicin. In each group, two plates were prepared, and average numbers of rifampicin resistant (Rif Gua residues in DNA by a base excision repair system, it is likely that a human homolog of the yeast OGG1 gene is also involved in a base excision repair system. Up to now, 107 sequences of proteins with DNA-binding function (except for four ORFs whose functions are unknown) have been reported to possess HhH motifs (Doherty et al., 1996) . Interestingly, several of these proteins possess additional DNA binding motifs, including a [4Fe-4S] cluster loop (FCL) motif (Thayer et al., 1995) and a zinc ®nger motif. E. coli endonuclease III and E. coli MutY possess FCL motifs, while E. coli NAD + -dependent DNA ligase has four putative HhH motifs and a Cys-X 2 -Cys-X 14 -Cys-X 5 -Cys type zinc ®nger like motif (Ishino et al., 1986) similar to human and yeast OGG1 proteins. Thus, it is likely that HhH and zinc ®nger like motifs function as a complex as in the case of HhH and FCL motifs in E. coli endonuclease III and E. coli MutY. It is also interesting to note that hOGG1 protein showed a homology with the hMYH protein in the region other than the HhH motif. Although the function of the homologous region remains unclear, it is possible that this region plays a common role in the repair of oh 8 Gua in DNA. We have isolated here a human homolog of the yeast OGG1 gene that is involved in the repair of oh 8 Gua in DNA. Since human OGG1 protein showed an activity to suppress the spontaneous mutagenesis of an E. coli (mutM mutY) mutant, it was strongly suggested that the hOGG1 gene is involved in the repair of oh 8 Gua in DNA damage in human cells. Since several alternatively spliced forms of hOGG1 transcripts have been suggested to be present, it would be of great interest to investigate whether the enzymatic activities are dierent among protein products from each of several types of hOGG1 transcripts and whether such dierences are involved in a mutator phenotype in human cells. In addition, mutational analysis of the hOGG1 gene can also be done with the sequence presented here to elucidate the involvement of the hOGG1 gene in a mutator phenotype required for multistage human carcinogenesis.
